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Abstract   To develop photovoltaics embracing the both features of  high performance and low cost has drawn attentions of  researchers,  yet

representing the significant challenges. In this work, two non-fused ring acceptors (NFRAs), namely p-PTIC4Cl and t-PTIC4Cl, were developed via a

short synthetic route. By tethering unaxisymmetric aromatic chains to thienyl bridge of NFRAs, we revealed that the tuning of aromatic chains

allows  modulating  the  self-assembly  and  stacking  of  NFRAs  in  solid,  hence  influencing  their  optoelectronic  and  photovoltaic  properties.  As

results, p-PTIC4Cl, consisting of 3-hexylbenzene with large axial angle to backbone, can achieve superior PCE of 11.30% than that of t-PTIC4Cl

with 2-hexylthiophene chains (PCE of 6.49%), when pairing with polymer donor PBDB-TF. Despite of the only subtle structural difference, the p-

PTIC4Cl  based blend films possess  better  exciton dissociation and charge transfer  rates,  as  well  as  photostability,  to  those of  t-PTIC4Cl  based

blends.
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INTRODUCTION

Single-junction  polymer  solar  cells  (PSCs)  have  recently
achieved  over  18%  power  conversion  efficiencies  (PCEs).[1−6]

With these encouraging progresses being made,[7−14] to embed
photovoltaic materials with desirable performance-cost balance
becomes  essential  for  further  advancing  PSCs  toward  practical
relevance.  In  this  regards,  the  design  of  non-fused  ring
acceptors  (NFRAs),[15,16] wherein  non-covalent  interaction  is
employed  to  reinforce  the  planarity  and  rigidity  of  conjugated
backbones,[17] has drawn attentions of researchers,[18] owing to
the  reduced  synthetic  complexity  of  molecules  by  avoiding
multi-step  ring-fusing  reaction  among  aromatic  units,  such  as
cyclopentadithiophene  (CPDT),[19−22] thiophene,[23−27] bithio-
phene[28] and phenyl group.[29] We have previously shown that
the fully non-fused ring acceptors, with alkoxyl-phenyl core and
thienyl  bridge,  can  be  made  through  two-step  synthesis,
meanwhile  delivering  decent  photovoltaic  performance  in
PSCs.[16,17,29,30] Impressively,  the  recent  development  of  NFRAs

with  terthiophene  and  bithiophene  skeleton  has  enabled  the
derived  PSCs  with  excellent  PCEs  over  15%.[31,32] These  efforts
clearly  illustrate  the  promising  perspectives  in  designing  new
photovoltaic  materials  with  the  fine  balance  between
performance  and  production  cost.  Therefore,  to  advance  this
line of research becomes meaningful, which requires to deepen
the structure-property understandings of NFRAs. Besides of the
structural  tuning  of  non-fused  backbones,  we  have  proposed
that  the  aromatic  chains  play  roles  on  regulating  the  solid
stacking and optoelectronic properties of NFRAs.[30] Meanwhile,
It  is  also  shown  that  the  unaxisymmetric  aromatic  chains  play
roles  on  optimizing  the  photovoltaic  properties  of  fused  ring
electron  acceptors.[33−35] These  strategies  can  potentially
provide  new  structural  taps  to  optimize  the  photovoltaic
performance of NFRAs, yet to be further explored.

Herein,  two  fully  non-fused  ring  acceptors,  namely  p-
PTIC4Cl and t-PTIC4Cl, have been developed by tethering thi-
enyl  bridge  with  unaxisymmetric  aromatic  chains,  3-hexyl-
benzene  and  2-hexylthiophene,  respectively.  It  is  revealed
that  the  tuning  of  unaxisymmetric  aromatic  chains  could  ef-
fectively modulate the self-assembly and stacking of NFRAs in
solid, hence influencing their optoelectronic and photovolta-
ic  properties.  As  results,  p-PTIC4Cl,  consisting  of  3-hexylben-
zene with large axial angle to backbone, can achieve superior
PCE of 11.30% than that of t-PTIC4Cl with 2-hexylthiophene at
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small  axial  angle  (PCE  of  6.49%),  when  pairing  with  polymer
donor  PBDB-TF.  The  p-PTIC4Cl  based  blend  films  were  also
found  to  possess  better  exciton  dissociation  and  charge
transfer  rates,  as  well  as  photostability,  than  the  t-PTIC4Cl
based  blends.  Overall,  this  work  provides  the  valuable  struc-
ture-property understandings to optimize the optoelectronic
properties of cost-effective electron acceptors.

EXPERIMENTAL

Please  see  the  electronic  supplementary  information  (ESI)  for
the description of materials and experiments.

RESULTS AND DISCUSSION

The chemical structures of p-PTIC4Cl and t-PTIC4Cl are shown in

Fig. 1(a), and their synthetic routes are described in ESI. Thienyl
bridges  with  two  kinds  of  unaxisymmetrical  side  chains,  3-(3-
hexylphenyl)  thiophene  and  5-hexyl-2,3'-bithiophene  were
synthesized  by  Suzuki  coupling  reaction,  then  derivatized  into
aldehydes  through  Vilsmeier-Haack  reaction.  The  non-fused
ring  backbones  consisting  of  alkoxyl-phenyl  core  and  thienyl
bridge were synthesized through C-H activation coupling, then
followed  by  Knoevenagel  condensation  with  2-(5,6-dichloro-3-
oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile  (IC-2Cl)  ter-
minal groups to yield target molecules, p-PTIC4Cl and t-PTIC4Cl,
respectively.  Molecular  structures  were  confirmed  by  proton
and  carbon  nuclear  magnetic  resonance  (1H-  and 13C-NMR),
matrix-assisted  laser  desorption/ionization  time  of  flight
(MALDI-TOF)  mass  spectroscopy.  Their  thermal  properties  (Fig.
S1  in  ESI)  were  characterized  by  thermogravimetric  analysis
(TGA) and differential scanning calorimetry (DSC),[36] showing a
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Fig. 1    (a) Synthetic route and (b) the optimized molecular geometries of NFRAs with the schematic diagram of unaxisymmetric aromatic chains,
3-hexylbenzene and 2-hexylthiophene, respectively. (c) Energy surface scan of model rotamers. The 2D-GIWAXS patterns of (d) p-PTIC4Cl and (e)
t-PTIC4Cl neat films and (f) the corresponding line-cut profiles (solid line: out-of-plane, dashed line: in-plane).
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melting  peak  at  221  °C  and  a  crystallization  peak  at  193  °C  for
p-PTIC4Cl,  whereas  no  phase  transition  peak  can  be  found  for
t-PTIC4Cl. It indicates that p-PTIC4Cl has better crystallinity than
t-PTIC4Cl, with the subtle difference in aromatic side chains.

Density  functional  theory  (DFT)  calculation  (Fig.  S2,  in  ESI)
illustrates  the  lowest  unoccupied  molecular  orbital  (LUMO)
and highest occupied molecular orbital (HOMO) of two NFRAs
at  similar  levels,  to  be  −3.51/−5.74  eV  (p-PTIC4Cl)  and
−3.49/−5.71  eV  (t-PTIC4Cl),  respectively.  Both  NFRAs  show
planar backbones with relatively small dihedral angles among
aromatic  units,  with  the  assistance  of  intramolecular  nonco-
valent  interactions[17,30] (Fig.  1b).  As  shown  in  the  optimized
molecular  geometries,  3-hexylbenzene  unit,  as  six-member
ring  with  axis  angle  of  ~120°,  exhibits  a  large  torsion  angle
(~50°)  and high rotation barrier  (~30 kJ/mol,  calculated from
model  rotamer  pt-IC)  to  the  backbone  skeleton  (Fig.  1c).
However, 2-hexylthiophene, five-member ring with axis angle
of ~60°, displays a small torsion angle (~40°) and low rotation
barrier (~20 kJ/mol from model rotamer tt-IC). It indicates that
the  2-hexylthiophene  would  be  more  conducive  to  the  axis
rotation  (or  vibration)  in  molecule,  than  that  of  3-hexylben-
zene. The rotation of alkyl chains along the axial angle would
produce the spatial disturbance on the molecular interaction,
hence  influencing  the  molecular  stacking  and  crystallinity  of
molecules in solid.

To investigate the effect of unaxisymmetric chains on mo-
lecular ordering of NFRAs in solid, we first performed grazing
incidence  wide-angle  X-ray  scattering  (GIWAXS)  measure-
ments  of  the  as-cast  neat  films  (Figs.  1d−1f).  Both  p-PTIC4Cl
and  t-PTIC4Cl  films  present  the  mixed  face-on  and  edge-on
orientation  relative  to  the  substrate,  while  p-PTIC4Cl  films
clearly  exhibiting  stronger  diffraction  peak  intensities,  thus
better  crystallinities  than  that  of  t-PTIC4Cl.  The  diffraction
peaks  located  at qz=0.293  Å−1 (d=21.44  Å)  for  p-PTIC4Cl  and
qz=0.277  Å−1 (d=22.68  Å)  for  t-PTIC4Cl  are  indexed  as  (100)
peaks, corresponding to the OOP lamellar stacking of NFRAs.
In  addition,  the π-π stacking  in  OOP  direction  could  be  in-
dexed  as  (010)  peak  at qz=1.92  Å−1 (d=3.27  Å)  for  p-PTIC4Cl
and qz=1.77  Å−1 (d=3.54  Å)  for  t-PTIC4Cl.  It  indicates  that  p-
PTIC4Cl  adapts  tighter  molecular  stacking  than  t-PTIC4Cl  in
films. Interestingly, one additional diffraction peak at qz=0.56
Å−1 (d=11.2 Å) is found in p-PTIC4Cl film, while being absence
in t-PTIC4Cl film, which is attributed to the long-range order-
ing  of  molecules  along  the  backbone  direction  from  end
group stacking.[37] It is a characteristic of molecule ordering of
non-fullerene  acceptors  in  solid  that  facilitates  charge  trans-
port.

The  optical  properties  of  NFRAs  were  characterized  by  Ul-
traviolet-visible (UV-Vis) absorption spectroscopy (Fig. 2a and
Fig. S3 in ESI). The absorption peaks for solutions and as-cast
films are recorded in Table 1. It shows that the annealed films

possess  the  further  bathochromic-shift  of  absorption  peaks
(to 756 nm of p-PTIC4Cl and 753 nm of t-PTIC4Cl), wherein t-
PTIC4Cl  presents  the  strong  tendency  of  over  aggregation
(Fig.  S3  in  ESI).  The  optical  bandgaps  were  calculated  to  be
1.52 eV for p-PTIC4Cl and 1.55 eV for t-PTIC4Cl. Cyclic voltam-
metry (CV)  measurements were used to evaluate the LUMOs
and  the  HOMOs  of  NFRAs,  to  be  −3.68  and  −5.81  eV  for  p-
PTIC4Cl  and  −3.62  and  −5.79  eV  for  t-PTIC4Cl  (Fig.  2b and
Table 1).

To  evaluate  their  photovoltaic  properties,  a  medium
bandgap  polymer,  PBDB-TF  (PM6)  as  an  electron  donor  was
selected to pair with p-PTIC4Cl and t-PTIC4Cl (Fig. 2c). The ab-
sorption  profiles  (Figs.  2d and 2e)  of  the  as  cast  blends  dis-
play the strong absorption peak at 629 nm corresponding to
PBDB-TF,  while  appearing  with  the  relatively  weak  absorp-
tion peaks at 692 nm (p-PTIC4Cl) and 708 nm (t-PTIC4Cl). Note
that  thermal  annealing  (TA)  treated  blend  films  exhibit  the
significant  bathochromic  shift  of  absorption  for  NFRAs  with
strong absorption peaks at 748 nm (p-PTIC4Cl) and 747 nm (t-
PTIC4Cl),  implying  TA  process  enhances  the  aggregation  of
NFRAs  in  blend  films.  What’s  more,  the  solvent  additive  (1-
chloronaphthalene,  CN)  treatment  further  improves  the  in-
tensity  ratio  for  NFRA  absorption  peaks  (relative  to  polymer
absorption  peaks),  suggesting  the  NFRAs  aggregation  was
further enhanced. PSCs were fabricated with the convention-
al  structure[38] of  ITO/PEDOT:PSS/PBDB-TF:  NFRA/PFN-Br/Ag
(Fig.  2f).  The p-PTIC4Cl based PSCs by TA process exhibit  the
best PCE of 11.30%, with an open-circuit voltage (Voc) of 0.90
V, a short-circuit  current density (Jsc)  of 18.01 mA·cm−2 and a
fill  factor  (FF)  of  69.74%  (Table  2).  The  photovoltaic  parame-
ters  of  PSCs  from  different  processing  conditions  are  dis-
played  in Figs.  2(g)  and  2(h)  and  Table  S1  (in  ESI).  Note  that
the increase of Jsc and FF for the p-PTIC4Cl based PSCs by TA
is probably due to the optimization of p-PTIC4Cl aggregation
in BHJ blend.  Whereas,  the optimal  device performance of  t-
PTIC4Cl  based  PSCs  is  obtained  with  the  as  cast  blend  films,
achieving the PCE of 6.49% (with a Voc of 0.94 V, a Jsc of 12.12
mA·cm−2 and  an  FF  of  57.39%).  Both  TA  and  CN  treatments
decrease device performance, especially on Jsc and FF, which
is likely due to the tendency of over aggregation for t-PTIC4Cl
in blend films. The external quantum efficiency (EQE) spectra
reveal  that  p-PTIC4Cl  PSCs exhibit  higher  EQE response than
t-PTIC4Cl PSCs at the wide range of 350−850 nm (Fig. 2i, Figs.
S2 and S3 in ESI). Meanwhile, the Jsc calculated by the integral
of  EQE  spectra  is  17.19  mA·cm−2 and  11.49  mA·cm−2 for  p-

Table 1    Optoelectronic properties of p-PTIC4Cl and t-PTIC4Cl.

Materials λmax (nm) λonset Eg
opt EHOMO ELUMO

solution film (nm) (eV) (eV) (eV)
p-PTIC4Cl 658 699 814 1.52 −5.81 −3.68
t-PTIC4Cl 663 716 798 1.55 −5.79 −3.62

Table 2    Photovoltaic parameters of PBDB-TF: NFRAs under AM 1.5G illumination (100 mW·cm−2).

NFRA Voc (V) Jsc (mA·cm−2) FF (%) PCE a (%) Jcal 
b (mA·cm−2)

p-PTIC4Cl 0.90 18.01 69.74 11.30 17.19
(0.89±0.01) (17.88±0.13) (69.42±0.32) (11.16±0.14)

t-PTIC4Cl 0.94 12.12 57.39 6.49 11.49
(0.93±0.01) (12.11±0.01) (56.82±0.57) (6.49±0.07)

a Average values with standard deviations from 10 cells; b Calculated from the EQE spectra.
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PTIC4Cl and t-PTIC4Cl devices, respectively, in consistent with
the values obtained from the J-V curves (Table 2).

∝

Further, the charge exciton dissociation probability P (E, T),
through  the  curves  of  photocurrent  density  (Jph)  versus  the
effective  voltage  (Veff),  is  calculated  to  be  0.99  of  p-PTIC4Cl
devices and 0.91 of t-PTIC4Cl devices (Fig. 3a and ESI), indica-
ting  the  better  exciton  dissociation  and  charge  collection  of
p-PTIC4Cl devices than those of t-PTIC4Cl devices. In order to
gain  information  on  charge  recombination  of  PSCs,  their J-V
curves  of  devices  were  measured  and  recorded  under  the
various light  intensities  (Fig.  3b).  The α value is  calculated to
be  0.997  for  PBDB-TF:p-PTIC4Cl  blends  and  0.971  for  PBDB-
TF:t-PTIC4Cl  blends,  as Jsc  (Plight)α,  suggesting  the  sup-
pressed bimolecular recombination of p-PTIC4Cl devices. The
slopes  of Voc versus  logPlight are  calculated  to  be  1.043  and
1.104 kT/q for  p-PTIC4Cl  and  t-PTIC4Cl  PSCs  (in  ESI),  respec-
tively, implying the mitigated monomolecular recombination
in  p-PTIC4Cl  based  devices.  Overall,  the  results  suggest  the
suppressed  charge  recombination  of  p-PTIC4Cl  devices,
which is consistent with the higher Jsc and FF values. The pho-
toluminescence  (PL)  spectra  of  neat  NFRAs  and  blend  films
are displayed in Fig.  3(c),  wherein the PL quenching efficien-
cies  are  detected  to  be  92.32%  for  p-PTIC4Cl  blend  and

79.17%  for  t-PTIC4Cl  blend.  Time-resolved  photolumines-
cence  spectroscopy  (TRPL)  (Fig.  S4  in  ESI)  also  revealed  that
the faster PL decay of p-PTIC4Cl blends (89.65 ps) over that of
t-PTIC4Cl blend films (95.62 ps).  These results clearly indicate
that  there present  more efficient  charge and energy transfer
in  PBDB-TF:p-PTIC4Cl  blend  films,  than  those  of  PBDB-TF:t-
PTIC4Cl.

Femtosecond  transient  absorption  (fs-TA)  spectroscopy
were  further  measured  to  evaluate  the  exciton  and  hole
transfer  processes[39,40] of  neat  and blend films.  For  TA spec-
tra, we used 750 nm pump pulse to selectively excited NFRAs
and then measured the relative transmittance change (ΔT/T)
by a white light continuum. The 2D color plot of fs-TA spectra
and  curves  of  representative  delay  times  are  shown  in Figs.
3(d)  and  3(e)  and  Fig.  S5  (in  ESI).  Note  that  PBDB-TF:NFRAs
blend films show new bleach peaks at ~570 nm and ~620 nm,
corresponding to  the  ground state  bleach (GSB)  of  PBDB-TF,
from which the information related to the photoinduced hole
transfer  from  NFRAs  to  PBDB-TF  can  be  extracted.  As  shown
in Fig.  3(f),  we  chose  the  signals  at  595  nm  to  represent  the
hole  transfer  kinetics  of  blend  films  where  there  is  no  signal
for  the  photoexcited  NFRAs.  The  kinetic  curves  (Table  S3  in
ESI)  were obtained with the biexponential  fit  from the equa-
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Fig.  2    (a)  Normalized  UV-Vis  absorption  spectra  of  NFRAs  in  chloroform  solution  and  film;  (b)  Cyclic  voltammograms  and  (c)  energy-level
diagram of NFRAs and PBDB-TF. Normalized UV-Vis absorption spectra of (d) PBDB-TF: p-PTIC4Cl and (e) PBDB-TF:t-PTIC4Cl blend films; (f)  OSC
structure and J-V curves of (g) PBDB-TF:p-PTIC4Cl and (h) PBDB-TF:t-PTIC4Cl devices under different processing conditions; (i) EQE spectra.
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tion: i = A1exp(−t/τ1)  + A2exp(−t/τ2)  (A1 and A2 as  prefactors),
displaying the transfer rates of p-PTIC4Cl blends (τ1 of 0.76 ps
and τ2 of 7.48 ps), and t-PTIC4Cl blends (τ1 of 0.92 ps and τ2 of
10.57  ps).  It  reveals  that  the  p-PTIC4Cl  blends  possess  faster
hole  transfer  rates  than  that  of  t-PTIC4Cl  blends.  Together
with  the  abovementioned  device  results,  p-PTIC4Cl  blends
possess  the  better  charge  and  exciton  dynamics  over  the  t-
PTIC4Cl  blends,  hence  improving  the  photovoltaic  characte-
ristics.

The  surface  morphologies  of  PBDB-TF:NFRAs  blend  films
were  investigated  by  atomic  force  microscopy  (AFM),  show-
ing the TA treated PBDB-TF:p-PTIC4Cl blend film with the rel-
atively smooth surface at the root-mean-square roughness of
0.98 nm (Fig. 4a and Fig. S6a in ESI). The blend films were also
measured by GIWAXS (Fig. 4b and Fig. S6 in ESI). All the blend
films  possess  the  bi-model  face-on  and  edge-on  orientation
relative to the substrate,  as display from the coexistent (100)
and  (010)  peaks  in  OOP  and  IP  directions.  The  (010)  peak  at
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qz=1.8  Å−1 (d=3.48 Å)  for  PBDB-TF:p-PTIC4Cl  and qz=1.74 Å−1

(d=3.6  Å)  for  PBDB-TF:t-PTIC4Cl  corresponding  to  the π-π
stacking of NFRAs in blends (Fig. 1f). It reveals that the blend
films  with  TA  treatment  display  the  enhanced  peak  intensit-
ies  both  in  OOP  and  IP  directions.  Note  the  peak  at qz=0.56
Å−1 (d=11.22  Å)  in  p-PTIC4Cl  blend  films  in  OOP  direction  is
coincided  with  the  long-range  ordering  feature  observed
from  neat  p-PTIC4Cl  film.  As  for  the  TA  treated  t-PTIC4Cl
blend  film,  the  peak  at qz=1.79  Å−1 (d=3.51  Å)  became  obvi-
ously sharper in OOP direction than that of as cast blend, im-
plying  the  likely  over  aggregation  of  t-PTIC4Cl  in  the  an-
nealed blend films.

The  photo  stabilities  of  PBDB-TF:NFRAs  blend  films  and
PSCs are displayed in Figs. 4(c) and 4(d) and Fig. S7 (in ESI). It
shows that PBDB-TF:p-PTIC4Cl blend film is  quite stable with
absorption peak intensities maintaining over 90% after 100 h
ultraviolet  light  illumination  (in  ESI).  Furthermore,  under  AM
1.5G  illumination,  PSCs  exhibit  the  non-linear  burn-in  decay
at  the  first  30  h,  to  64%  of  initial  PCEs  for  p-PTIC4Cl  based
devices  and  38%  of  initial  PCEs  for  t-PTIC4Cl  based  devices,
and  then  subsequently  transiting  into  the  linear  decay  with
steady photo stabilities to 100 hours. These results imply the
simple NFRA and the derived PSCs have potentials to exhibit
good photo stabilities under proper encapsulation.

CONCLUSIONS

In  this  work,  we developed two fully  non-fused ring acceptors,
namely  p-PTIC4Cl  and  t-PTIC4Cl, via a  short  synthetic  route,
wherein it has been revealed that the tuning of unaxisymmetric
aromatic  chains  on  thienyl  bridge  could  modulate  the  self-
assembly  and  stacking  of  these  NFRAs,  hence  impacting  their
optoelectronic  and  photovoltaic  properties.  Comparing  with  t-
PTIC4Cl  of  2-hexylthiophene  chains,  3-hexylbenzene  side
chains,  as  six-member  ring  aromatic  with  large  axis  angle,
possess a large torsion angle and high rotation barrier to the to
p-PTIC4Cl  backbone.  Upon  pairing  with  PBDB-TF,  the  PCEs  of
PSCs have reached 11.30% for p-PTIC4Cl based devices, superior
than  6.49%  for  t-PTIC4Cl  based  devices.  Furthermore,  the  p-
PTIC4Cl  based  blend  films  were  also  found  to  possess  better
exciton dissociation and charge transfer rates,  as well  as photo
stability,  to  those  of  t-PTIC4Cl  based  blends.  Overall,  this  work
provides  an  effective  strategy  to  optimize  the  optoelectronic
properties of cost-effective electron acceptors.
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